The vitamin B 6 salvage pathway, involving pyridoxine 5 0 -phosphate oxidase (PNPOx) and pyridoxal kinase (PLK), recycles B 6 vitamers from nutrients and protein turnover to produce pyridoxal 5 0 -phosphate (PLP), the catalytically active form of the vitamin. Regulation of this pathway, widespread in living organisms including humans and many bacteria, is very important to vitamin B 6 homeostasis but poorly understood. Although some information is available on the enzymatic regulation of PNPOx and PLK, little is known on their regulation at the transcriptional level. In the present work, we identified a new MocR-like regulator, PtsJ from Salmonella typhimurium, which controls the expression of the pdxK gene encoding one of the two PLKs expressed in this organism (PLK1). Analysis of pdxK expression in a ptsJ knockout strain demonstrated that PtsJ acts as a transcriptional repressor. This is the first case of a MocR-like regulator acting as repressor of its target gene. Expression and purification of PtsJ allowed a detailed characterisation of its effector and DNA-binding properties. PLP is the only B 6 vitamer acting as effector molecule for PtsJ. A DNA-binding region composed of four repeated nucleotide sequences is responsible for binding of PtsJ to its target promoter. Analysis of binding stoichiometry revealed that protein subunits/DNA molar ratio varies from 4 : 1 to 2 : 1, depending on the presence or absence of PLP. Structural characteristics of DNA transcriptional factor-binding sites suggest that PtsJ binds DNA according to a different model with respect to other characterised members of the MocR subgroup.
Introduction

Pyridoxal 5
0 -phosphate (PLP), the main biologically active form of vitamin B 6 , is used as enzyme cofactor in a huge number of biochemical transformations. Other related molecules, all together called B 6 vitamers (namely pyridoxine (PN), pyridoxamine (PM), pyridoxal (PL), and the 5 0 -phosphorylated forms PNP and PMP; Scheme 1), are present in smaller amounts and play other biological functions [1] [2] [3] [4] . Only microorganisms and plants are able to synthesise PLP de novo, through two mutually exclusive biosynthetic routes: the deoxyxylulose 5-phosphate (DXP)-dependent pathway, present in Escherichia coli and in a restricted number of other eubacteria [5] , and the DXP-independent pathway, which is present in plants and most bacteria [6] . All other organisms acquire B 6 vitamers from nutrients and protein turnover, and interconvert the different forms using enzymes of the so-called 'salvage pathway' (Scheme 1), which includes an ATP-dependent pyridoxal kinase (PLK) and a flavin mononucleotide-dependent pyridoxine (pyridoxamine) 5 0 -phosphate oxidase (PNPOx, encoded by the pdxH gene) [7] . PLK phosphorylates the 5 0 alcohol group of PN, PL and PM to form PNP, PLP and PMP, respectively, while PNPOx oxidises PNP and PMP to give PLP. In higher organisms, both PLK and PNPOx are present, whereas in bacteria that synthesise PLP following the DXP-independent pathway PNPOx is missing [8] . On the other hand, in E. coli and other bacteria possessing the DXP-dependent pathway, PNPOx is present and is required to catalyse the last step of PLP biosynthesis (Scheme 1). Moreover, E. coli possesses two different kinases that are able to phosphorylate PL: PLK1, encoded by the pdxK gene, which is also able to phosphorylate PN and PM [9] , and PLK2, encoded by the pdxY gene, which is specific for PL [10] . Maintenance of a correct balance among B 6 vitamers within the cell is of fundamental physiological importance, as PLP concentration must be sufficient to saturate PLP-dependent enzymes but at the same time must be kept below toxic levels [7] . While some information is available on the enzyme regulation of PLK1 and PNPOx [7, [11] [12] [13] [14] , little is known on the transcriptional regulation of the salvage pathway [15] . Recently, the transcriptional regulation of the pdxST operon, encoding the PLP synthase complex involved in the last step of the DXP-independent pathway of PLP biosynthesis, was extensively studied [8, [16] [17] [18] . PdxR, the protein involved in this regulation, belongs to the MocR subfamily of bacterial transcriptional regulators, widespread among eubacteria genomes [19, 20] . This subfamily is a subgroup of the larger GntR family of regulators [21] , characterised by a conserved N-terminal DNA-binding helix-turn-helix domain (HTH), responsible for DNA recognition and binding, and a variable C-terminal domain essential for oligomerisation and effector binding. In MocRs, the C-terminal domain is structurally homologous to the fold type I family of PLP-dependent enzymes [21] [22] [23] , of which aspartate aminotransferase (AAT) [24] is the archetypal enzyme. A polypeptide linker, which 
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Transamination half-reactions has different lengths in different MocRs, connects the HTH and the AAT-like domains [25, 26] . In addition to PdxR, a few other MocR-like members have been characterised, which are all transcriptional activators: TauR from Rhodobacter capsulatus, which regulates genes involved in taurine metabolism [27] ; GabR from Bacillus subtilis, involved in the regulation of gammaaminobutyric acid metabolism [28] ; and DdlR from Brevibacillus brevis, which regulates expression of D-alanyl-D-alanine ligase, a key enzyme in the peptidoglycan biosynthesis [29] . The solution of the threedimensional structure of GabR from B. subtilis [30, 31] showed that this regulator exists as a domain-swapped homodimer, in which the HTH domain of one subunit interacts with the PLP-binding domain of the other subunit. A homology model suggests that PdxR from Bacillus clausii has a similar structure [8] .
The present work describes a new MocR-like transcriptional regulator, PtsJ, from the human pathogen Salmonella enterica subsp. enterica serovar Typhimurium, which acts as transcriptional repressor of the pdxK gene, encoding a pyridoxal kinase (PLK1) involved in the vitamin B 6 salvage pathway. Characterisation of PtsJ suggests a model of DNA binding and transcriptional regulation that is different from all other MocR-like regulators studied so far.
Results
In silico identification of MocR transcriptional regulators possibly involved in the vitamin B 6 salvage pathway
In a previous investigation [19] , we observed that MocR transcriptional factors are particularly abundant in Gammaproteobacteria predicted proteomes, especially among the Enterobacteriaceae family members, which synthesise PNP through the DXP-dependent pathway (Scheme 1) and include several bacteria of biomedical interest. Therefore, in the search of putative transcriptional factors involved in the regulation of vitamin B 6 salvage pathway, we decided to focus our attention on these organisms. Starting from an initial data set of 775 MocR protein sequences, the location and transcriptional orientation of each corresponding gene in the relative genome was evaluated. In 33 genomes, a mocR gene (annotated as ptsJ) was found in close proximity to the pdxK gene encoding pyridoxal kinase 1 (PLK1), from which it is divergently transcribed. This subset of putative PtsJ regulons shared certain common features: (a) the ptsJ gene is contiguous to the pdxK gene and is divergently [10] , encoding PNPOx and tyrosyl-tRNA synthetase respectively (Scheme 2B).
Although it is known that in E. coli a third kinase exists, encoded by the thiD gene [32] , that is also able to phosphorylate B 6 vitamers [33] , the cellular role of this enzyme is the phosphorylation of hydroxymethylpyrimidine, an intermediate in vitamin B 1 biosynthesis. The thiD gene is also present in S. typhimurium, located in a different region with respect to both pdxK and pdxY genes (Biocyc.org), and is regulated by thiamine pyrophosphate [34] . Neither pdxY nor thiD are predicted to be regulated by MocR members (http://regprecise.lbl.gov/RegPrecise/).
Role of ptsJ in the expression of vitamin B 6 salvage pathway genes
In order to test the involvement of ptsJ in the regulation of pdxK expression, a ptsJ knockout S. typhimurium LT2 mutant strain was produced. Growth rates of wild-type and DptsJ strains were analysed in M9 minimal and LB-rich media (data not shown) and turned out to be very similar in both conditions. Total RNA from wild-type and DptsJ S. typhimurium LT2 grown under different conditions was extracted and analysed by RT-qPCR in order to measure the relative expression levels of genes involved in vitamin B 6 salvage pathway (pdxK, pdxY and pdxH). In minimal M9 medium, a striking 80-fold increase in pdxK expression was observed in the ptsJ knockout mutant strain with respect to wild-type (Fig. 1A) , clearly indicating that PtsJ is a transcriptional repressor of this gene. A much lower but significant 2/3-fold increase of expression was also observed for pdxY and pdxH. Supplementation with either 10 lM PL or PN had no significant consequence on the expression of any of the genes in the DptsJ strain. However, in the wild-type strain, while PL slightly decreased pdxK expression, PN increased pdxK, pdxY and pdxH expression by about twofold. Growth with PM supplementation was not carried out, knowing that S. typhimurium LT2 is able to import PN and PL, but not PM, by facilitated diffusion from the growing medium [35] . When growth took place in LB-rich medium, a significant 6.6-fold increase of expression of pdxK was observed in the DptsJ strain with respect to wild-type (Fig. 1B) , confirming the repressor role of PtsJ. No significant difference of expression was observed for pdxY and pdxH genes. Supplementation with PL did not affect expression of the three pdx genes in the wild-type strain, whereas addition of PN increased expression of pdxK and pdxY (Fig. 1B) .
As all characterised MocR members are known to repress the expression of their own gene [16, 28] , we tested the autoregulation role of ptsJ on its own expression. A plasmidic ptsJ-lacZ transcriptional fusion, in which the ptsJ promoter was fused with the b-galactosidase coding region, was constructed and analysed in S. typhimurium LT2 wild-type and DptsJ strains. b-Galactosidase assays on cells grown in either LB or M9 minimal medium showed that activity of the ptsJ promoter was much higher in the DptsJ mutant strain than in the wild-type strain (Fig. 2) , indicating that PtsJ represses transcription of its own gene.
Expression, purification and spectrophotometric analysis of PtsJ protein
The coding region of S. typhimurium LT2 ptsJ was cloned into the pET28b(+) plasmid and expressed in the E. coli BL21(DE3) strain as a His-tagged protein.
Purification of the PtsJ protein was carried out to homogeneity as detailed in the Materials and methods section. Mass spectrometry measurements on the purified protein, which had an intense yellow colour, confirmed its amino acid sequence and molecular mass. The absorption spectrum of purified stPtsJ showed, besides a major absorption band centred at 280 nm, a shoulder at around 336 nm and a minor band centred at 435 nm (Fig. 3A) . These absorption bands are typical of B 6 vitamers. The 435 nm band may be attributed to the ketoenamine form of either PLP or PL covalently bound to stPtsJ as a Schiff base with a lysine residue [36] . The 336 nm band arguably corresponds to the enolimine form of the same Schiff base, similarly to GabR from B. subtilis and PdxR from B. clausii [8, 37] ; however, it may also correspond to B 6 vitamers different from PL and PLP, such as PN, PNP, PM and PMP.
Effector binding properties of stPtsJ
In order to characterise the effector binding properties of PtsJ, we produced an apo-form of PtsJ, treating the protein with cysteine [8] , in which the 336 nm and 435 nm bands had disappeared (Fig. 3A) . All six B 6 vitamers (PN, PM, PL and phosphorylated counterparts) were tested for binding by incubation with apoPtsJ (8 lM) followed by CD measurements between 300 and 500 nm. None of the B 6 vitamers, except PL and PLP, determined a change of the CD spectrum of the protein even when added up to 100 lM concentration (data not shown). The addition of 10 lM PLP to apo-stPtsJ resulted in the formation of two positive CD bands (Fig. 3B ), having shapes and maxima similar to those observed in the absorption spectrum of purified stPtsJ. Addition of 100 lM PL determined a very small but clearly detectable change in the visible CD spectrum. Changes were also observed in the far-UV CD spectrum (190-250 nm) upon addition of PLP, consisting in a general increase of ellipticity ( Fig. 3C) . None of the other B 6 vitamers gave changes in the far-UV CD spectrum when added at 100 lM concentration (data not shown), except PL, that also in this case determined a very small change. These observations indicate that, among all six B 6 vitamers, only PLP clearly binds to stPtsJ. PL induces very small spectral changes, which could not easily be further analysed, but suggest that also this vitamer may bind to PtsJ. The binding equilibrium between apo-stPtsJ and PLP was analysed measuring the decrease of protein intrinsic fluorescence observed when PLP binds to stPtsJ (Fig. 3D ). The dissociation constant (K d ) determined from experimental data gave a value of 85 AE 17 nM, which is in the range observed with PdxR [8] . In this MocR transcriptional regulator, PLP binds to the protein through an aldimine linkage with a lysine residue. Sequence alignments among PtsJ, GabR and PdxR clearly suggest that a lysine residue may play the same role in this transcriptional regulator (Fig. 4) .
Quaternary structure analysis of stPtsJ
The quaternary structure of both apo-and holo-stPtsJ was analysed by size exclusion chromatography. Chromatographic separations were repeated at least three times using different protein batches, obtaining similar results. The elution profile of both apo-and holoforms showed a single peak at 15.01 AE 0.04 mL elution volume, corresponding to an apparent molecular mass of 84.3 AE 18.3 kDa, as estimated according to elution volumes of standard proteins (see Materials and methods). These results suggest that both apoand holo-stPtsJ (MW 48.169 kDa) are in a dimeric form.
DNA-binding properties of stPtsJ
The ptsJ-pdxK intergenic region, spanning 82 bp (see Fig. 6 ), was used in electrophoretic mobility shift assays (EMSA) to characterise the formation of protein-DNA complexes. Densitometric measurements of DNA bands were used to determine apparent dissociation constants (Kd app ) of DNA-protein binding equilibria (see Materials and methods). The obtained Kd app values do not correspond to actual dissociation constant values, but coincide with the protein concentration required to shift 50% of DNA; therefore, they have a comparative rather than an absolute significance. When increasing concentrations of apo-stPtsJ were incubated with a fixed concentration (10 nM) of DNA, the formation of a protein-DNA complex (complex 1) was observed, with a Kd app of 586 AE 35 nM. At the highest protein concentrations, an additional complex (complex 2) with lower electrophoretic mobility appeared (Fig. 5) . The addition of 100 lM PL, PN, PNP, PM or PMP did not change the DNA binding properties of apo-stPtsJ, yielding the same complexes and apparent dissociation constants (data not shown). However, when 100 lM PLP was added, complex 2 was prevalently formed, with a lower apparent dissociation constant (Kd app = 203 AE 20 nM; Fig. 5 ).
In order to check whether PtsJ may directly regulate other genes involved in the vitamin B 6 salvage pathway, EMSA analyses using promoter regions of pdxH, tyrS and pdxY genes were also carried out. In S. thyphimurium, as in E. coli, these three genes are consecutive on the chromosome (Scheme 2B) and may be transcribed as a single operon, although each gene may also be individually transcribed. EMSA analyses clearly showed that PtsJ does not bind to any of these promoter regions (data not shown).
DNA sequence analysis of the ptsJ-pdxK promoter region
A bioinformatics analysis was carried out in order to characterise the structural features of the ptsJ-pdxK promoter region. After elimination of species redundancy, 10 putative PtsJ regulons were analysed (Table 1 ). All sequences have a length of 82 bp, except the 79 bp sequence from Enterobacter lignolyticus and the 146 bp-long sequence from Pseudomonas stutzeri. The alignment of promoter sequences (Fig. 6) , obtained with the PRO-COFFEE algorithm, highlights the presence of a very conserved region that may contain transcriptional factor-binding sites (TFBSs) [38] . respectively. The three characteristic helices of the HTH domain are charted on the top of the alignment, displayed as squiggles. In the HTH domain, black asterisks denote residues putatively interacting with DNA in GabR [30] . The R43 residue, which may form contact with a DNA guanine nucleotide is conserved, while S52 and K75 (numbering is referred to GabR sequence) are not. Regarding the AAT-like domain, the black asterisk points to the conserved lysine residue that binds PLP as an internal aldimine. The red dots indicate a set of positively charged residues that are fully exposed in the GabR homodimer. These residues form a positively charged surface that may constitute a major DNA-binding region: only three residues out of six are conserved in stPtsJ.
This observation is interesting, considering that a multiple sequence alignment of the PtsJ protein sequences belonging to the selected regulons from the same organisms showed a variable percentage of sequence identity ranging from 49% to 90% (with an average value of 66%; data not shown). In order to gain insight into the transcriptional organisation of the intergenic regions, candidate PtsJ-DNA-binding sites were predicted. The MEME tool was used to detect direct and inverted repeats, on both strands. Two 8-bp direct repeats (motifs 2 and 4 in Fig. 6 ) spaced by 14 bp were found, with a ATGACAAW sequence. Furthermore, two inverted repeats, upstream and adjacent to the direct repeats, were also identified: motif 1 (with mismatches at positions 5 and 7) and motif 3 (with mismatches at positions 4 and 5). Among the 10 selected intergenic regions, motifs 1, 2 and 3 share the highest degree of sequence conservation. The four identified motifs might be the TFBSs of PtsJ. The putative PtsJ TFBSs were scanned against the databases of known DNA-binding motifs integrated in the MEME webserver (Prodoric and RegTransBase). This analysis, using as a query the single repetition motif number 2 and a consensus sequence of the four repetitions derived from the alignments, did not reveal any significant match. Moreover, the uniqueness of candidate TFBSs through the S. typhimurium genome was tested. The upstream regions of all genes (including both forward and reverse strand) were scanned with a score matrix derived from the alignment of the 10 ptsJ-pdxK intergenic sequences (Table 1) . No sequence match showed a significant P-value (< 0.05).
Stoichiometry of the PtsJ-DNA complex
Protein fluorescence measurements were carried out to determine the stoichiometry of the PtsJ-DNA binding equilibrium. In these experiments, a 1 lM solution of a 53 bp DNA fragment covering the binding region identified through the bioinformatics analysis (wildtype sequence in the DNA-protein complex [39] . Titration data were plotted as the difference of emission fluorescence between samples containing PtsJ only and samples containing PtsJ plus DNA (Fig. 7) . At low protein concentration, a linear dependence of fluorescence change on [PtsJ]/[DNA] is observed, as all protein contained in the samples binds to DNA. In fact, in these conditions, the high DNA concentration necessary to obtain a good signal-to-noise ratio and the low dissociation constant of the binding equilibrium guarantee that all protein added to DNA binds to it, forming a protein-DNA complex. As protein concentration is increased, a sharp break in the titration data is observed as DNA is saturated with protein. The sharp break indicates the stoichiometry point on the x-axis of the graph, i.e. the molar ratio between protein subunits and DNA fragment. With holo-PtsJ, titration data showed that four protein subunits bind to one DNA molecule (molar ratio 4 : 1). Considering the quaternary structure of PtsJ, this stoichiometry suggests that two PtsJ dimers bind to one DNA fragment.
With apo-PtsJ, the stoichiometry point is clearly different, indicating a 2 : 1 molar ratio, corresponding to the binding of one PtsJ dimer to one DNA fragment. In this case, increasing PtsJ concentration resulted in a further change of fluorescence, probably due to the low affinity binding of a second PtsJ dimer.
Characterisation of the DNA-binding region recognised by stPtsJ
In order to determine the contribution to protein binding of each single DNA sequence repeat identified in the ptsJ-pdxK promoter region, EMSA analyses were performed using 53-bp mutated DNA fragments (Fig. 8A) . Using the wild-type 53-bp fragment, we obtained similar results with respect to those found with the whole 82-bp DNA intergenic region. ApoPtsJ prevalently formed complex 1, whereas holo-PtsJ, as observed with the entire intergenic region, formed both complexes, with complex 1 converting into complex 2 as protein concentration was increased (Fig. 8B) . Seven different mutated fragments were used, containing mutations of the TG group that is highly conserved in MocR transcription factor-binding motifs [20] and in the ptsJ-pdxK promoter region corresponds to GG in motif 1 and to TG in motifs 2, 3 and 4. In fragments Mut1, Mut2, Mut3 and Mut4, a single motif was mutated, in fragments Mut12 and Mut34, two motifs were mutated and in fragment Mut1234, all four motifs were mutated (Fig. 8A) . The results obtained with mutated DNA fragments show that each of the four sequence repeats is somehow involved in the formation of the DNA-protein complexes. Neither apo-nor holo-PtsJ binds to fragment Mut1234, which had mutations in all four DNA motifs (data not shown). As shown in Fig. 8B , mutation of motifs 1 and 2 (corresponding to Mut1, Mut2 and Mut12 fragments) heavily affects formation of complex 1 when using both apo-and holo-forms of PtsJ. On the other hand, when using holo-PtsJ, formation of complex 2 is slightly hampered by mutation of motifs 1 and 2 in single or double mutants. On the contrary, mutation of motifs 3 and 4 has a minor effect on formation of 
Discussion
Pyridoxal 5 0 -phosphate contains a very reactive aldehyde group at 4 0 position that easily forms aldimines with primary and secondary amines and reacts with thiols. Therefore, PLP concentration in the cell must be kept at a low level in order to avoid toxic effects but at the same time adequate amounts of the vitamer must be supplied to the enzymes that require it as cofactor. It is well known that in humans both a deficiency and a surplus of PLP cause severe disorders mainly affecting the nervous system [40, 41] . Not much is known about the effects of PLP unbalance in prokaryotes [42] [43] [44] , although regulation of PLP biosynthesis and recycling is known to take place at different levels. Regulation of PLP content by PLK and PNPOx is a proposed homeostasis mechanism. Zhao and Winkler observed inhibition of E. coli PNPOx activity by product PLP [13] . In another study, significant MgATP substrate inhibition of E. coli PLK1 was observed in the presence of PNP or PLP [45] . Moreover, E. coli PLK1 is also inhibited by its own substrate and product (PL and PLP respectively) that covalently bind at the active site of the enzyme forming a Schiff base with a lysine residue [11, 12] . PdxR, a transcriptional activator belonging to the MocR family, regulates PLP biosynthesis at transcriptional level, targeting PLP synthase of the DXPindependent pathway [8, [16] [17] [18] . So far, nothing is known on the transcriptional regulation of the DXPdependent pathway. Recently, Suvorova and Rodionov predicted that many pdxK genes are regulated by MocR-like proteins [20] . In the present study, we showed that PtsJ is actually involved in the regulation of pdxK and therefore in the transcriptional control of B 6 vitamers salvage pathway (Scheme 1). This is the first case of a MocR member that acts as a transcriptional repressor of both its target gene and its own gene (Figs 1 and 2) , as all previously characterised MocR members are dual regulators that activate the expression of the target gene and at the same time repress the expression of their own gene [46] . It is known from the literature that another MocR member regulates pdxK from Streptococcus mutans, but in this case, it acts as an activator and is also involved in acid tolerance and biofilm formation [15] . The repressor role of PtsJ in pdxK expression is evident from our measurements of the expression levels of vitamin B 6 genes involved in the salvage pathway. Knocking out ptsJ results in a 80-fold overexpression of pdxK with respect to the wild-type strain in M9 minimal medium (Fig. 1A) . On the other hand, expression of pdxY and pdxH undergoes a much smaller change, suggesting that knockout of ptsJ may affect expression of these genes in some indirect way. This hypothesis is supported by the failure of PtsJ to bind pdxY and pdxH promoters (data not shown). On the other hand, purified PtsJ binds to the ptsJ-pdxK intergenic region (Fig. 5) , confirming its direct role in regulation of PLK1-encoding gene.
Purified PtsJ shows an absorption spectrum that is typical of vitamin B 6 -binding proteins (Fig. 3A) . Any B 6 vitamer bound to the protein could be easily removed in order to characterise the effector-binding properties of PtsJ. Among all six B 6 vitamers, only PLP binds to PtsJ with reasonable affinity, as demonstrated by CD analysis (Fig. 3B,C ) and fluorescence measurements (Fig. 3D) . Noteworthy, a change in the far-UV CD spectrum is observed when PLP binds to apo-PtsJ, suggesting that quite a large protein conformational change takes place (Fig. 3C) , possibly involving secondary structure elements. Apparently, also PL binds to PtsJ eliciting a much smaller spectral change. These data indicate that PLP is the only B 6 vitamer that acts as an effector molecule for PtsJ. This hypothesis is confirmed by EMSA analyses in which only PLP affects the DNA binding properties of apo-PtsJ (data not shown). In these experiments, the entire intergenic 82-bp region between ptsJ and pdxK was employed. Two different PtsJ-DNA complexes (complex 1 and complex 2 in Fig. 5 ) are evident in EMSA as two retarded bands. With apo-PtsJ, at low protein concentration only complex 1 is visible, however, as protein concentration is increased, complex 2 appears. With holo-PtsJ, both complexes are visible even at low protein concentration, and as protein concentration is increased, complex 1 is converted into complex 2. Size exclusion chromatography analyses on stPtsJ demonstrate that the free protein exists as a dimer in both holo-and apo-forms. However, binding stoichiometry analyses show that when holo-stPtsJ interacts with its target DNA, four subunits of the protein are involved in the complex formation (Fig. 7) . On the other hand, two subunits of apo-stPtsJ bind to DNA, although increasing protein concentration may promote binding of additional subunits (Fig. 7) . Therefore, complex 1, which prevails with the apo-form, may correspond to dimeric stPtsJ bound to DNA. As protein concentration is increased, or when PLP is present, an additional PtsJ dimer binds to DNA, forming complex 2. In fact, binding of PLP to apo-PtsJ affects the relative amounts of complex 1 and complex 2.
Although the previous observations demonstrate that PLP has a large effect on PtsJ-DNA-binding properties, only a small decrease (in minimal M9 medium) or no effect (in LB medium) on pdxK expression in vivo was observed upon PL supplementation of growth media (Fig. 1) . This puzzling result may be explained considering that, regardless to the nature of the growth medium, PLP is always present in the cells and maintained at a constant level, through de novo biosynthesis and recycling pathways. Therefore, in the conditions of our experiments, addition of PL may not affect PLP intracellular concentration to the extent that a drastic effect on pdxK expression may be visible. The increased expression of vitamin B 6 salvage pathway genes observed with PN supplementation (Fig. 1) is surprising, as PN can be converted into PLP via the salvage pathway. However, it can hardly be ascribed to PtsJ, as no effect of PN and PNP was observed on PtsJ spectral and DNA-binding properties. A different unknown regulator may be responsible for this observation.
The bioinformatic analysis on the ptsJ-pdxK intergenic region of 10 different PtsJ regulons allowed the identification of putative PtsJ-specific binding sites made by two direct (motifs 2 and 4 in Fig. 6 ) and two inverted repeats (motifs 1 and 3). This pattern is completely different from the TFBSs found in PdxR, GabR, TauR and DdlR regulons, the other MocR members that have been characterised so far [8, 16, 18, [27] [28] [29] , which show two direct repeats (GabR and TauR), two direct repeats and one inverted repeat (PdxR) or two inverted repeats (DdlR). The actual involvement of putative PtsJ TFBSs was experimentally investigated using DNA fragments in which each single repeat was mutated (Fig. 8A) . EMSA analyses demonstrated that all four repeats are involved in the binding of PtsJ to DNA (Fig. 8B) , confirming that the prediction of PtsJ-specific TFBSs was correct. Mutations of motifs 1 and 2, which strongly hamper formation of complex 1, suggest that the first PtsJ dimer binds to these repeats; however with holo-PtsJ, at high protein concentration, formation of complex 2 is observed. This could be explained assuming that two PtsJ dimers may still bind to DNA even though interaction with motifs 1 and 2 is weakened. Mutations of motifs 3 and 4, which do not affect formation of complex 1 but hinders formation of complex 2, support the hypothesis that the first PtsJ dimer binds to motifs Increasing protein concentration, a second dimer binds, forming complex 2, which reinforces repression. If PLP is present, and it binds to stPtsJ forming the holo-form of the transcriptional regulator, formation of complex 2 is highly favoured. (B) Model of interaction between the holo-form of PdxR and its target DNA, as proposed in [8] . In this case, DNA is believed to bind across the two HTH domains that recognise two inverted repeats separated by about 100 A, which corresponds to the distance between the two HTH domains.
1 and 2 and that a second dimer binds to motifs 3 and 4. The model shown in Scheme 3A summarises these considerations and proposes a mechanism of action for PtsJ. When PtsJ is in the apo-form, a first dimer binds to motifs 1 and 2 forming complex 1. Formation of complex 1 may repress transcription of both pdxK and ptsJ. However, apo-PtsJ concentration in the cell may not be sufficient to form a stable complex 1. Binding of PLP to apo-PtsJ induces a protein conformational change that increases affinity for DNA and promotes formation of complex 2. Thus, PLP stabilises protein-DNA interactions, reinforcing repression.
This model of protein-DNA interaction is different from the models proposed for PdxR and GabR. The crystal structure of GabR shows this protein to exist as a domain-swap homodimer in which the HTH DNAbinding domains are located at the opposite ends of the elongated dimer [30] . A homology model suggests that PdxR has a similar structure [8] . DNA is believed to bind across the two HTH domains (Scheme 3B), interacting with a longitudinal positively charged area present on the surface of the AAT-like domains. The TFBSs of GabR and PdxR are located at the adequate distance of about 100
A, which corresponds to the distance between the two HTH domains. Moreover, the intrinsic curvature of the DNA sequence in between the recognised binding sites of GabR is required to form a stable complex [47, 48] . Significantly, the DNA sequence encompassing stPtsJ TFBSs is predicted to have a much less pronounced curvature (data not shown). It was recently shown by our research group that predicted MocR linkers vary in length, going from a minimum of about 8-9 residues to a maximum, in a few cases, of about 150 residues [25, 26] . This striking heterogeneity may reflect the functional diversification of MocR regulators, the variety of the controlled genes, and the different mechanisms of DNA recognition [20, 49, 50] . In addition, the TFBSs of the so far characterised MocRs show the lack of any conservation in sequence and position with respect to the target genes. In PtsJ, the peptide linker connecting the HTH domain to the AAT-like domain (22 residues) appears to be shorter than the corresponding linker regions of GabR and PdxR (about 30 residues) (Fig. 4) . This suggests that PtsJ may interact with DNA following a different modality. In fact, the contiguous direct and inverted repeats recognised by PtsJ require the HTH domains to be close to each other when they bind to DNA (Scheme 3A). This peculiar modality of interaction between PtsJ and DNA may be reflected by the lack of a continuous positively charged area on the surface of the AAT-like domains of PtsJ (Fig. 9) , as indicated by sequence alignments with GabR and PdxR (Fig. 4 and legend therein).
Our study on PtsJ adds to a recent series of interesting investigations demonstrating that a variety of functional and structural features are present in MocRs and that distinct subgroups exist in this family of transcriptional regulators, having different targets and action mechanisms [8, 16, 18, 20, [27] [28] [29] 50] . Fig. 9 . Electrostatic potential surface map of (A) entire GabR protein from B. subtilis (PDB ID 4N0B) and of (B) homology model of AAT-like domain of stPtsJ. The orientation of the AAT-like domain in two structures is the same. Homology modelling of the AAT-like domain of stPtsJ, based on the human kynurenine aminotransferase II homologue from Pyrococcus horikoshii (PDB code 1X0M) as template, was carried out with the software MODELLER [69] version 9.14 and the PyMOL plugin PyMOD [70] . Proteins are represented as acidic and basic potential charged surfaces coloured in red and blue respectively. The PDB 2PQR server (http://nbcr-222.ucsd.edu/pdb2pqr_2.0.0/) was used to compute the PQR file from the protein structure coordinates. AMBER force field and PROPKA were used to calculate the electrostatic potential at pH 8. The electrostatic potential map was mapped on the protein structure with the PyMOL Plugin APBS 2.1.
Materials and methods
Data collection
A set of MocR protein sequences from the Gammaproteobacteria phylum were retrieved as previously described [19] , using profile hidden Markov model searches. In order to remove redundancy, the program skip redundant of the EMBOSS suite [51] was applied to the MocR sequence set, using a sequence identity cut-off of 90%. At the end of the filtering, no sequence pair in the selected set should have an identity percentage higher than the cut-off. For each mocR gene, genome position, transcription orientation and identity of closest genes were retrieved. RegPrecise database version 4.0 [49] predicted that PtsJ sequences regulate the expression of a specific regulon. All genomic and protein sequences were taken from NCBI [52] or UniProt [53] databanks through Python scripts. Sequence alignments, unless otherwise specified, were calculated with ClustalO [54] and processed with the software JALVIEW [55] .
Materials, bacterial strains, plasmids and growth conditions
Bacterial strains and plasmids used in this study are listed in Table S1 . Ingredients for bacterial growth and other chemicals were from Sigma-Aldrich (St. Louis, MO, USA) and Carlo Erba (Milan, Italy). Oligonucleotides (Table S1) and DNA sequencing were from Eurofins MWG Operon (Ebersberg, Germany). The growth of bacterial cultures was monitored by determining the optical density at 600 nm (OD 600 ) using a diode array spectrophotometer (HP8452; Agilent Technologies, Santa Clara, CA, USA). The media used were LB and M9 minimal [56] . PN and PL were added to the growth media at a final concentration of 10 lM. Antibiotics were added at the following concentrations: streptomycin, 20 mgÁmL À1 and kanamycin, 25 mgÁmL À1 . The S. typhimurium LT2 DptsJ mutant strain was generated using the procedure described by Datsenko and Wanner [57] and the oligonucleotides reported in Table S1 .
Transcriptional analysis
RNA was isolated from three independent cultures (three biological replicates) grown up 1 OD 600 using the NucleoSpin RNA kit from Macherey and Nagel. RNA concentration and quality were evaluated by measuring in 0.1 N NaOH, the OD at 260 nm and the ratio 260/280 nm, respectively, and by electrophoresis on 1.2% agarose gels. RT-qPCR reactions were performed in two steps. Reverse transcription of DNase-treated RNAs (0.5 lg) was carried out using the Maxima Ò first strand cDNA synthesis kit (Thermo Scientific, Waltham, MA, USA) with the random primers provided in the kit. Real-time PCR was performed on a Real-Time PCR Instrument (Mx3000P QPCR system, Agilent technologies) with a two-step reaction using Maxima Ò SYBR Green qPCR Master mix (Thermo Scientific) and the oligonucleotides reported in Table S1 . The relative expression of each target gene was determined by the Pfaffl method using the rRNA 16S gene as normaliser. The fold induction resulting from the different pairs of samples was averaged and the P-value was calculated using the Student's t-test.
Construction of transcriptional lacZ fusion and bgalactosidase assays
The intergenic region ptsJ-pdxK was amplified by PCR using the oligonucleotides PptsJ_for and PptsJ_rev (Table S1 ) and the genomic DNA from S. typhimurium as template, and inserted into the pRS415 plasmid [58] oriented so as to obtain the ptsJ-lacZ fusion. Salmonella typhimurium LT2 wild-type and DptsJ strains containing the plasmidic fusion ptsJ-lacZ were grown to exponential phase in minimal M9 and LB media. b-Galactosidase activity was measured according to Miller [59] and expressed as Miller Units (1000 9 [(OD 420 À1.75 9 OD 550 )/(OD 600 culture 9 reaction time 9 volume)]). No b-galactosidase activity was measured in a control experiment carried out using cells transformed with the empty pRS415 plasmid and grown in the same conditions.
Cloning of ptsJ from Salmonella typhimurium
The genomic S. typhimurium LT2 DNA was purified by phenol-chloroform extraction. The coding sequence of the ptsJ gene from S. typhymurium (strain LT2) was amplified by PCR using primers stPtsJ _for and stPtsJ_rev (Table S1 ). The amplified~1300-bp segment was inserted into a pET28b(+) vector between NcoI and XhoI restriction sites. This new construct, named pET28-PtsJ, was used to transform E. coli BL21(DE3) competent cells for protein expression. The nucleotide sequence of the insert was determined for both strands and no differences were detected with respect to the sequence reported in databanks.
Purification of Salmonella typhymurium PtsJ
An overnight culture (4 mL) of E. coli BL21(DE3) cells transformed with plasmid pET28-PtsJ was used to inoculate 2 L of LB broth containing kanamycin (40 mgÁL À1 ).
Bacteria were allowed to grow for approximately 5 h at 37°C (until their OD 600 reached to~0.6), then the growing temperature was lowered to 28°C and the expression of PtsJ induced with 0.2 mM isopropyl thio-b-D-galactopyranoside (IPTG). Bacteria were harvested after 18 h and suspended in 100 mL of 50 mM potassium phosphate buffer, pH 8.0, containing 300 mM NaCl, 100 lM PLP and SIGMAFAST TM (Sigma-Aldrich, St. Louis, MO, USA) protease inhibitor (one cocktail tablet). Cell lysis was carried out by sonication on ice (3 min in short 20-s pulses with 20-s intervals). Lysate was centrifuged at 12 000 g for 30 min and the pellet was discarded. The supernatant was precipitated by addition of ammonium sulphate to 30% saturation, centrifuged, and the resulted pellet was suspended in 50 mM potassium phosphate buffer pH 8.0. The sample was loaded onto a 5 mL HisTrap TM HP (GE Healthcare, Little Chalfont, UK) column, previously equilibrated with 50 mM potassium phosphate buffer pH 8.0 containing 250 mM NaCl and 50 mM Na citrate. The column was washed with 50 mL of the same buffer, 50 mL of the same buffer containing 10 mM imidazole, and eluted with a linear 10 to 250 mM imidazole gradient (the buffer containing imidazole was adjusted to pH 8.0 with HCl) using an € AKTA prime FPLC system (GE Healthcare). Fractions containing the expected protein (molecular mass 48 168.6 Da) were pooled and dialysed overnight against 50 mM Na-HEPES buffer pH 8.0, containing 250 mM NaCl and 50 mM Na citrate. The protein was purified to homogeneity, as judged by SDS/PAGE analysis and the purification yield was about 10 mg PtsJ per litre of bacterial culture. Recombinant PtsJ stored at 4°C was stable for at least 1 month, as judged by SDS/ PAGE and EMSA. Protein subunit concentration was calculated using a theoretical extinction coefficient at 280 nm of 52 160 M À1 Ácm À1 (calculated with the Expasy ProtParam tool). PLP content was determined as previously described [11, 60] . Apo-PdxR was prepared using L-cysteine as previously described for B. clausii PdxR [8] .
Spectroscopic measurements
Spectroscopic measurements were carried out at 20°C in 50 mM Na-HEPES buffer pH 8.0, containing 250 mM NaCl and 50 mM Na citrate. UV-visible spectra were recorded with a Hewlett-Packard 8453 diode array spectrophotometer. Far-UV (190-250 nm) and near-UV-visible (310-500 nm) CD spectra were measured with a Jasco 710 spectropolarimeter equipped with a DP 520 processor using 0.2 and 1 cm path length quartz cuvettes and results were expressed as ellipticity [h] . Far-UV measurements were carried out in 50 mM Na-HEPES buffer pH 8.0, containing 125 mM NaCl and 25 mM Na citrate. Pyridoxal 5 0 -phosphate binding equilibria were analysed taking advantage of the protein intrinsic fluorescence quenching observed upon the binding event. The dissociation constant of the binding equilibrium was then calculated from saturation curves obtained measuring the protein fluorescence emission intensity as a function of increasing PLP concentration. The cofactor (from 0 to 1 lM) was added to apoenzyme samples (50 nM) at 20°C in 50 mM Na-HEPES pH 8.0, containing 250 mM NaCl and 50 mM sodium citrate. Preliminary experiments showed that the binding equilibrium was established within the mixing time. Fluorescence emission spectra (300-450 nm; 7 nm emission slit) were recorded immediately after mixing PLP and apoenzyme with a FluoroMax-3 Jobin Yvon Horiba spectrofluorimeter, with excitation wavelength set at 295 nm (7 nm excitation slit), with a 1 cm path length quartz cell. We excluded the possibility that the decrease of fluorescence emission observed upon addition of PLP may be due to PLP absorbance at 295 nm, i.e. to the inner effect, as PLP absorbance at the maximum concentration used (1 lM) is very low (0.001). We also checked the emission at 336 nm of PLP samples excited at 295 nm as a function of concentration and found this to be negligible. Data were analysed according to a quadratic equation as reported in [61, 62] .
Size exclusion chromatography
Gel filtration of stPtsJ was performed on a Superdex 200 10/300 GL column (GE Healthcare) at room temperature and at a flow rate of 0.5 mLÁmin À1 in 50 mM Na-HEPES pH 8.0, containing 250 mM NaCl and 50 mM Na citrate. Elution profiles were obtained from absorbance at 280 nm. Calibration was performed with ferritin (440 kDa), aldolase (158 kDa) conalbumin (75 kDa) and ovalbumin (44 kDa). Holo-stPtsJ (100 ll) was subjected to chromatography at concentration of 1 mgÁmL À1 . ApostPtsJ, obtained with cysteine, was eluted using a buffer containing 5 mM L-cysteine. For each condition, chromatographic separations were repeated at least three times. Elution volumes were expressed as the average value AE standard deviation.
Comparative genomics analysis
To avoid redundancy, only regulons from different bacterial species were chosen. If a regulon was present in the genomes of different strains of the same bacterial species, only a representative regulon was taken. Whenever possible, genomes included in RefSeq were utilised. The intergenic regions putatively involved in the control of selected regulons were retrieved from NCBI GenBank. For de novo identification of candidate TFBSs in the training set of potential upstream region, the MEME web server [63] was used. A search for a DNA pattern of length from 5 to 8 bp (on the basis of the experimentally characterised MocR TFBSs), directly or inversely repeated more than once for each sequence, was carried out within putative promoter regions. TFBS were further validated by the construction of multiple alignments of orthologous DNA fragments, using the PRO-COFFEE method [64] , specifically designed for promoter regions. Candidate DNA-binding sites were submitted to the TOMTOM and FIMO tools of the MEME suite. TOMTOM compares TFBSs with the known motifs contained in the databases Prodoric release 8.9 [65] and RegTransBase release version 7 [66] and displays the alignments to significant matches (E-value threshold < 0.01). The full set of noncoding sequences from S. typhimurium LT2 genome were analysed by FIMO, to verify whether the identified TFBSs were specific for the PtsJ regulon. A portion of the alignment of 16 nucleotides length, comprising two consecutive TFBSs (from the fifth to the twentieth position of the alignment shown in Fig. 6 ) was used to calculate the matrix necessary to scan the upstream sequences of S. typhimurium LT2 genome. Sequence editing, alignment display and image production relied on Jalview [55] or ESPRIPT [67] . Predictions of intrinsic DNA curvature were calculated with the DNA Curvature Analysis server (http://www.lfd. uci.edu/~gohlke/dnacurve/), according to the sequence-spe cific dinucleotide angles obtained by Bolshoy et al. [68] .
Electrophoretic mobility shift assays DNA mobility shift assays were conducted using purified stPtsJ (from 5 to 1500 nM) and either the pdxK-ptsJ intergenic region (10 nM) or the synthetic DNA fragments containing candidate DNA motifs s(40 nM). The intergenic region was amplified by PCR using S. typhimurium genomic DNA as template and oligonucleotides pdxK_for and pdxK_rev (Table S1 ). The pdxH, tyrS and pdxY promoter region were also generated by PCR using the same genomic DNA as template and oligonucleotides pdxH_for/ pdxH_rev, tyrS_for/tyrS_rev and pdxY_for/pdxY_rev, respectively. Double-stranded synthetic DNA fragments were generated by annealing of complementary oligonucleotides (Table S1 ). DNA fragments were incubated at 22°C for 20 min in 10 ll binding buffer (20 mM HEPES, pH 8.0, containing 50 mM KCl, 5 mM MgCl 2 , 1 mM DTT, 0.05% (v/v) NP-40, 30 lgÁmL À1 BSA and 5% (v/v) glycerol) with increasing concentrations of purified stPtsJ. When the holo-form of stPtsJ was used, 10-fold excess PLP with respect to protein was added so as to ensure complete saturation. Samples were loaded onto 5% nondenaturing polyacrylamide gels in 0.5 9 TBE buffer (45 mM Trisborate, 1 mM EDTA). Gels were run at room temperature in 0.5 9 TBE buffer and then incubated with SyBR Green (Sigma) for 10 min and visualised on UV transilluminator. The addition of protein to DNA fragments determined the formation of slowly migrating bands, whose density increases as protein concentration is increased. These retarded bands evidently correspond to protein-DNA complexes. Densitometric measurements of the slower bands (DNA-protein complex 1 and complex 2) were transformed into percentage of DNA-protein complex with respect to total DNA and yielded dependence of binding on protein concentration. Least square fitting of these data to the Hill equation produced estimates of the apparent dissociation constants (Kd app ) reported in the text, which are expressed as the average AE standard deviation of values obtained in four independent EMSA experiments. These do not correspond to actual dissociation constant values, rather they coincide with the protein concentration required to shift 50% of free DNA.
Binding stoichiometry analysis of PtsJ-DNA complex formation
The stoichiometry of PtsJ binding to DNA was investigated by measuring the decrease of intrinsic fluorescence of the protein as it binds to DNA [39] . Experiments were performed at 20°C in 50 mM Na-HEPES buffer pH 8.0, containing 250 mM NaCl and 50 mM Na citrate. A first series of emission fluorescence measurements at 354 nm (5 nm emission slit) was carried out on samples containing increasing protein concentrations (from 0.34 to 8 lM) upon excitation at 295 nm (3 nm excitation slit). A second series of measurements was carried out on identical protein samples containing 1 lM DNA (wild-type 53-bp DNA fragment shown in 
Mass spectrometry measurements
Protein samples analysed by SDS/PAGE were excised and processed in-gel via tryptic and AspN proteolysis. Each peptide mixture was then analysed on a MALDI-ToF (AutoFlexII, Bruker Daltonics) mass spectrometer. The interpretation of resulting peptide mass fingerprints was achieved by Mascot search engine and manual validation according to theoretical mass list of stPtsJ peptides.
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